ABSTRACT Alternative strategies using conditional probability analysis for the diagnosis of coronary artery disease (CAD) were examined in 93 infarct-free women presenting with chest pain. Another group of 42 consecutive female patients was prospectively analyzed. For this latter group, the physician had access to the pretest and posttest probability of CAD before coronary angiography. These 135 women all underwent stress electrocardiographic, thallium scintigraphic, and coronary angiographic examination. The pretest and posttest probabilities of coronary disease were derived from a computerized Bayesian algorithm. Probability estimates were calculated by the four following hypothetical strategies: SO, in which history, including risk factors, was considered; S 1, in which history and stress electrocardiographic results were considered; S2, in which history and stress electrocardiographic and stress thallium scintigraphic results were considered; and S3, in which history and stress electrocardiographic results were used, but in which stress scintigraphic results were considered only if the poststress probability of CAD was between 10% and 90%, i.e., if a sufficient level of diagnostic certainty could not be obtained with the electrocardiographic results alone. The strategies were compared with respect to accuracy with the coronary angiogram as the standard. For both groups of women, S2 and S3 were found to be the most accurate in predicting the presence or absence of coronary disease (p < .05). However, it was found with use of S3 that more than one-third of the thallium scintigrams could have been avoided without loss of accuracy. It was also found that diagnostic catheterization performed to exclude CAD as a diagnosis could have been avoided in half of the patients without loss of accuracy. Studies in the prospective group of 42 women confirmed that S2 and S3 had the best diagnostic accuracy. We also observed a higher prevalence of angiographically documented coronary disease in this group (48% vs 26% in the first group of 93 women). In this prospectively studied group, there was a smaller proportion of patients with a low probability estimate of CAD (29% of the patients with a probability of .10% in the prospective group vs 58% of the patients in the first group). Our results suggest that the treating physician's prior knowledge of probability estimates reduced the number of unnecessary diagnostic coronary angiographic procedures performed. Circulation 71, No. 3, 535-542, 1985. THE APPLICATION of probability methods to the diagnosis of coronary artery disease (CAD) is an important conceptual advance. IA The validity of probability analysis for diagnosing CAD has already been demonstrated by comparison of the calculated probability of disease with coronary angiographic results.5-10 Another potential application of probability analysis is to 
guide the choice of diagnostic procedures. A variety of diagnostic strategies are conceivable and all involve either a systematic approach or the sequential use of the various tests in diagnosing CAD (i.e., exercise electrocardiography, thallium scintigraphy, coronary angiography). The serial probability estimation obtained by the probability analysis might provide the physician with a sufficient level of diagnostic certainty to make a therapeutic decision or, alternatively, indicate the need to perform other diagnostic tests. In this study we compared, in terms of diagnostic accuracy, strategies using tests on a probabilistic mode with strategies based on blanket-testing decision rules. We performed this analysis on data from symptomatic women without previous myocardial infarction, be- cause the value of noninvasive testing is still controversial in this group in which there is low-to-intermediate prevalence of CAD."1-4 Moreover, if unnecessary scintigraphy and diagnostic coronary angiography in this female population could be avoided it would improve the quality and decrease the cost of care for these patients.
Two consecutive groups of women who all underwent stress electrocardiographic, thallium scintigraphic, and coronary angiographic examination were studied. Data from the second group were prospectively analyzed to assess the influence of availability of posttest probability estimates of CAD on the test-ordering pattern of the physician.
Methods
Patient selection. The study population consisted of two consecutive groups of female patients (n = 135) who all underwent stress electrocardiographic and thallium scintigraphic examination within the 2 weeks preceding coronary angiography. The first group (n = 93) was evaluated by noninvasive testing and coronary angiography for suspected CAD between January 1979 and December 1982; the second group (n = 42) was evaluated between January 1983 and April 1984. The two consecutive groups of female patients were formed in January 1983 because, on this date, the pretest and posttest probability estimates of coronary disease (see below) were sent to the referring and attending physicians, along with the routine exercise electrocardiographic and thallium scintigraphic reports.
Patients were excluded from the study if they had evidence of myocardial infarction. Other exclusion criteria were valvular heart disease, cardiomyopathy, previous coronary bypass surgery, electrocardiographic signs of bundle branch block or left ventricular hypertrophy, and the use of digitalis. For each patient, probability of coronary disease was calculated by the four following hypothetical diagnostic strategies: SO, no test was performed and the probability of coronary disease was derived only from the history (including the coronary risk factors); Sl, the probability was calculated based on the history and the results of stress electrocardiography; S2, the probability was calculated based on the history and results of stress electrocardiography and thallium scintigraphy; and S3, the probability was calculated based on the history and results of stress electrocardiography and/or thallium scintigraphy (all patients underwent exercise electrocardiography and thallium scintigraphy was performed only in patients with a postelectrocardiography probability of between 10% and 90%).
Statistical analysis. Accuracy of individual probability estimates by the four diagnostic strategies was measured by an accuracy score with the use of the coronary angiogram as the diagnostic standard.23' 24 The accuracy score was calculated as follows:
where pi is the estimated probability of CAD in patient "i," Si is the accuracy of this estimate, xi is 1 if patient "i" has CAD, and xi is 0 if patient "i" does not have CAD. This accuracy score ranges from a minimum of 0 to a maximum of 100, and is highest when the actual outcome is accurately predicted. The score is also related to the amount of information contained in the probability estimate.25 The difference in individual accuracy scores between the four diagnostic strategies was tested statistically by analysis of variance followed by the contrast method of Scheffe.
The overall accuracy of the probability given by each strategy was assessed with the accuracy coefficient of Zagoria and Reggia.26 This coefficient is given by
where P*K is the poststrategy probability of CAD in patients with CAD and is 1 minus the poststrategy probability of CAD in patients without CAD; n is the number of cases. The difference (P*K -0.5) represents how much P*K differs from 0.5, the noninformative prediction. Q takes the value 1 for a perfect prediction, the value -1 for a perfectly incorrect prediction, and a value of 0 indicates no predictive skill. This overall accuracy coefficient is complementary to the individual accuracy scores previously described because it provides a quantification of the accuracy of each individual strategy.
After calculations by each diagnostic strategy, patients were classified into probability subgroups as follows: low (probability .10%), intermediate (probability >10% and <90%), and high (probability .90%). According to the presence or absence of angiographically evident coronary disease, the patients were placed into correctly classified (poststrategy probability .90% if CAD and . 10% if no CAD), misclassified (probability c 10% if CAD and .90% if no CAD), and intermediate groups (probability >10% and <90%). McNemar's test of symmetry was used to compare the strategies with respect to the division of the patients into the three groups: patients correctly classified, misclassified and with an intermediate probability.
Results
Characteristics of the population. The clinical and angiographic data on the patients are listed in table 1 . In Distribution of probability estimates. The distribution of probability estimates of CAD in group 1 after the four diagnostic strategies were applied is illustrated in figure 1 . After calculating by S2 and S3, the majority of the patients were in the first and tenth deciles (65 [70%] by S2, and 73 [78%] by S3). In contrast, with SO and S1 there was a more uniform distribution of probabilities, indicating a greater level of uncertainty with these strategies (the level of uncertainty being maximal in the middle range of probabilities). With S0, only 35 (38%) of the patients were in the first and tenth deciles, while with S1 this number was 43 (46%).
Distribution of accuracy scores. The distribution of accuracy scores for probability estimates in group 1 after calculations by the four diagnostic strategies is illustrated in figure 2 . The accuracy scores were better with S2 and S3: with S2, 84% of the patients had an accuracy score of between 90 and 100 and 87% of the patients had such a score with S3. The for S3) and less than one-third in group 2 (24% for S2 and 29% for S3).
Choice of the optimal strategy. The choice of the optimal diagnostic strategy can be accomplished by use of the criteria of accuracy and risk and cost to the patient. The accuracy of each strategy refers to its ability to accurately diagnose or exclude the diagnosis of CAD: S2 and S3 were found to be the most accurate. The strategy (S3) based on electrocardiographic results and in which a threshold probability was used in guiding the use of thallium scintigraphy was the most risk and cost effective: without loss of accuracy, 44% of the patients in group 1 and 33% of those in group 2 could have been spared scintigraphic examination; 58% and 29%, respectively, could have been spared diagnostic catheterization.
Discussion
This study demonstrates that a diagnostic strategy using certain tests on a probabilistic mode is as accurate as a strategy using blanket testing in every patient. In a group of 135 symptomatic women, this sequential strategy would have eliminated the need for a significant number of thallium scintigrams and for cardiac catheterizations without loss of diagnostic accuracy. In a prospectively studied group of 42 patients, the percentage of patients undergoing coronary angiography who had a low posttest probability of CAD was markedly reduced (29% vs 58%); this reduction likely results from the fact that in this prospective study the physician was aware of the posttest probability before coronary angiography was performed.
A patient population of women without myocardial infarction was selected for the following reasons: (1) the diagnosis of CAD in women who have a chest pain syndrome remains a difficult clinical problem, (2) the specificity of exercise testing for CAD in women is reportedly relatively poor, and (3) there is a need to diminish diagnostic coronary angiography in this group of patients in which there is a low-to-intermediate prevalence of CAD. The angiographically determined prevalence of CAD in the two groups of women selected for this study is similar to that reported in the Coronary Artery Surgery Study of 2810 women who underwent coronary angiography for chest pain and who had no previous history of myocardial infarction. 21 The sensitivity and specificity of the two diagnostic noninvasive tests for CAD in this study are within the range of values for women reported by others. 1-4, 27-31 Thallium scintigraphy is more sensitive and more specific for diagnosing CAD than exercise electrocardiography. Quantitative methods for interpreting thallium uptake and clearance and single-photon emission tomographic imaging would further improve the sensitivity of thallium scintigraphy. Nevertheless, the combination of exercise electrocardiography and planar thallium scintigraphy has been reported to be a better predictor of the presence or absence of disease than a single noninvasive test. 14' 17. 32, 33 However, it is not feasible, from a cost and risk point of view, to obtain a stress thallium scintigram from every woman complaining of chest pain.
In this study, we used conditional probability analysis as an aid to diagnosis and medical decision making. The advantages of probability analysis are as follows: first, based on Bayes' theorem, the prevalence of CAD in the studied population and the sensitivity and specificity of the tests are all taken into account; second, in a sequential use of multiple tests, potentially conflicting information may be processed; and third, this method yields the probability that a given patient has disease, rather than a categorical diagnosis. Besides their value for the diagnosis of CAD,5-'0 posttest probabilities given by the Bayesian method can be used for medical decision making. If one accepts that the diagnostic certainty is sufficient when posttest probability for CAD is above or below a given threshold, then only the patients with posttest probabilities between these 540 thresholds would need the next test in a sequential diagnostic tree.
In this study using conditional probability analysis, A further step in the search for optimal strategies for diagnosing CAD in women was to show that a decision rule based on a threshold probability and used to guide the choice of whether or not to perform thallium scintigraphy is as accurate as the strategy in which both stress electrocardiography and thallium scintigraphy are considered for all patients. This was true in two consecutive groups of patients. Patterson et al. 3G showed theoretically in a quantitative model of costeffectiveness analysis that a clinical policy based on the sequential use of exercise electrocardiography before thallium imaging was the most cost effective. Cutoff points of 10% and 90% were reported to contain the majority of diagnostic information.S With 10% and 90% as threshold probabilities, thallium scintigraphy could have been avoided in more than one-third of the patients, diminishing considerably the risk and the cost of the strategy, without loss of accuracy.
The probability classification could serve as an aid in the appropriate selection of patients for coronary angiography, its use being reserved for the intermediate-probability subgroup because of diagnostic uncertainty, and for the high-probability subgroup for evaluation of the extent of disease and of therapeutical management. In our prospective group, we noticed that the number of patients undergoing coronary angiography in the low-probability group was markedly reduced. In group 1, using S3 we found that 58% of the patients were classified in the low-probability group, and this percentage fell to 29% in group 2. While the staff members of the Division of Cardiology were the same, we may assume that the knowledge of the posttest probabilities by the physician before the decision to perform coronary angiography was made is an important causal factor. The published reports on the utility of combining exercise electrocardiography and thallium scintigraphy for excluding the diagnosis of CAD'7 32 have probably also influenced the confidence of the physician in the results of these tests. Despite this potential influence of posttest probabilities on the test-ordering pattern, it is clear that probability analysis will never replace clinical judgment in the decision to submit a patient to coronary angiography, but it could provide useful complementary information by integrating complex or discordant test results.
To better understand the advantages of S3, the risk and cost issues raised with respect to the thallium scan and angiography need to be discussed. For thallium scintigraphy, the potential risks are reviewed by Stason and Fortess,37 and include the risk of exposure to radiation (total body = 360 mrads; ovaries = 850 mrads), which is a concern in this group of patients. These risks and the high average cost of thallium scintigraphy37 could have been drastically reduced by use of S3, by which more than one-third of the patients would not have undergone the procedure. For coronary angiography, the risks are principally those of radiation in this group of women vith a low prevalence of CAD. The reported morbidity and mortality figures for the procedure38 are indeed less applicable for a group with a low prevalence of coronary and multivessel disease. The cost of catheterization must be weighed against the fact that the knowledge of a normal coronary anatomy could significantly contribute to the rehabilitation of the patient and reduce their use of medical care facilities in the future. However, verification that a normal coronary angiogram is "therapeutic" has been lacking to date.394I For this reason and because of the high accuracy of S3, it seems justified to avoid performing coronary angiography in the low-probability subgroup.
We conclude from this study that in a group of women referred for suspicion of CAD, a diagnostic strategy that uses probability analysis to guide the use of diagnostic tests offers the best balance of diagnostic accuracy, patient comfort, and minimal financial cost. Also, the knowledge of the posttest likelihood of disease before angiography is performed would likely reduce the need for the procedure in patients with a low posttest likelihood of CAD.
